Biaxially textured CeO 2 /YSZ/CeO 2 and SrTiO 3 buffer layers have been grown by pulsed laser deposition (PLD) on rolling assisted biaxially textured substrates (RABiTS) made of Ni. Full width at half maximum (FWHM) of the ! scan, scan of these buffer layers were comparable to the Ni substrates indicating good epitaxial growth on RABiTS. Atomic force microscopy (AFM) and scanning electron microscope (SEM) measurements showed that these buffer layers were smooth and crack-free. CeO 2 /YSZ/CeO 2 /Ni and SrTiO 3 /Ni buffer layers prepared by this technique can be used as templates for the growth of high-T c superconductors coated conductors. Unlike CeO 2 seed layers, which could be easily epitaxially grown on RABiTS Ni substrates in forming gas, cube-on-cube epitaxial growth of SrTiO 3 on RABiTS Ni substrates can be achieved only in a narrow window of deposition temperatures and forming gas pressure.
Introduction
Recently, rolling assisted biaxially textured substrates (RABiTS) technology has proven to be very promising for the fabrication of high-T c superconductors coated conductors. 1, 2) In this process, sharply biaxially textured Ni substrates are prepared by thermo-mechanical treatments, upon which biaxially textured oxide buffer layers and high-T c superconducting films such as YBCO films can be epitxially grown. A key issue for superconducting applications is the growth of an oxide buffer layer on the substrate that prevents diffusion of Ni into the YBCO coating during the high temperature processing and also transfers the biaxial texture of the substrate to the superconductor. Because epitaxial growth of oxide buffer layers normally requires elevated temperatures and oxidizing environments, unfavorably oriented NiO reaction layers may form on the Ni substrates. To overcome this problem, oxide buffer layers are usually grown under conditions that reduce NiO, but adequately oxidize buffer layers. In order to effectively prevent Ni from diffusion into superconducting films, buffer layers need to be continuous and crack-free. To date, the most popular and successful oxide buffer layers for YBCO coated conductors have been the combination of CeO 2 and yttria-stablized zirconia (YSZ). High quality YBCO films with critical current density J c values as high as 3 MA/cm 2 at 77 K have been grown on CeO 2 /YSZ/CeO 2 /Ni architectures. 3) Although effective in forming a high current superconducting tape, the use of multilayer buffer architectures introduces significant complexity to the fabrication process. Therefore, development of a single buffer layer process for the high-T c superconductors coated conductors is highly desirable. In this paper, we report our recent work to epitaxially grow CeO 2 /YSZ/CeO 2 and single SrTiO 3 buffer layers on Ni RABiTS by pulsed laser deposition (PLD). Because of its good lattice match and chemical compatibility with YBCO, SrTiO 3 is considered as one of the best substrates for growth of YBCO film. For example, SrTiO 3 has been grown on IBAD-MgO (MgO films prepared by ion beam assisted deposition) as buffer layer for pulsed laser deposition of YBCO film. 4) Meanwhile SrTiO 3 is also an excellent substrate for growth of YBCO film via the Ba 2 F process. The use of water vapor in Ba 2 F process precludes the use of either YSZ or MgO as the growth template for YBCO, both of which degrade rapidly in the presence of water vapor at the required 700-800 C process temperatures. Recently biaxially textured SrTiO 3 buffer layer has been grown on Ni RABiTS by a sol-gel process, formation of YBCO film on such template via the Ba 2 F process yields a critical current density of 1.3 MA/cm 2 at 77 K, 0 T. 5) But so far there is no report about epitaxial growth of SrTiO 3 on RABiTS by physical vapor deposition.
Experimental Results and Discussion
Biaxially textured Ni substrates used in this study were prepared by a cold rolling and annealing process. 1, 2) The thickness of the textured Ni substrates was about 100 mm. A KrF excimer laser ( ¼ 248 nm) was used to grow epitaxial CeO 2 /YSZ/CeO 2 and SrTiO 3 buffer layers on Ni substrates with laser energy density focused to about 2 J/cm 2 . Polycrystalline CeO 2 , YSZ, and SrTiO 3 targets were used to deposit the buffer layers. The laser beam was incident on the rotating target surface at an angle of 45
. The base pressure of the growth chamber was about 10 À6 Torr, assumed to consist primarily of water vapor. The distance between target and substrate ranged from 5 to 8 cm. Before mounting on the substrate holder, the Ni substrates were cleaned ultrasonically with both acetone and methanol. The Ni substrates were attached to sapphire substrates with silver paste to assure good thermal contact. The temperature of the substrate was measured using a thermocouple embedded in the heater. The crystallographic structure of the buffer layers was characterized by X-ray diffraction (XRD) including #-2# scan, ! scan, scan and pole figure. The surface morphology of the CeO 2 /YSZ/CeO 2 and SrTiO 3 buffer layers were characterized by atomic force microscopy (AFM) and scanning electron microscope (SEM).
CeO 2 /YSZ/CeO 2 /Ni architecture
Biaxially textured Ni strips were attached to sapphire substrates with silver paste to ensure good thermal contact with the substrate heater and also allow removal of the samples without damaging them. After the vacuum in the chamber had reached 10 À6 Torr, forming gas (4% H 2 and 96% Ar mixture) was introduced into the chamber until the pressure reached 1 Torr. The Ni substrates were annealed at 850 C for 1 h to reduce the NiO on the surface of Ni substrates. During the deposition of the first CeO 2 buffer layer (seed layer), the chamber was kept at 180 mTorr with mixture of 4% H 2 and 96% Ar, and the substrates temperatures were 850 C. The deposition rate was about 0.1 nm/ second. There was a report 6) that the thickness of the CeO 2 bufferlayer was critical to the crack formation: 100 nm thick CeO 2 layer were cracked, whereas 50 nm thick CeO 2 layer were crack-free. In order to minimize cracking, the final thickness of the CeO 2 seed layer was about 30 nm in our experiments. After the deposition of the CeO 2 seed layer, a 0.5 mm YSZ buffer layer and a 30 nm CeO 2 cap layer were deposited subsequently in 10 À4 Torr of O 2 at 800 C. The YSZ layer was included to prevent Ni diffusion and suppress microcracking in the buffer layer, whereas the CeO 2 cap layer was used to improve the lattice match between the buffer layers and YBCO superconducting films. rotation between the in-plane CeO 2 /YSZ axes and Ni axes indicating a cube-on-diagonal epitaxy (Fig. 2) . The FWHM of CeO 2 (200), YSZ (200) and Ni (200) ! scans were 9.0 , 9.3 , and 9.6 , and that of CeO 2 (111), YSZ (111), and Ni (111) scans were 9. 4 , 9.6 , and 10. 1 , respectively. The ! scan and scan curves for CeO 2 and YSZ are smooth because they are fine-grained film, meanwhile those curves for Ni consist of may sharp peaks because the Ni substrates are coarse-grained. The XRD results indicate that 180 mTorr of forming gas (4% H 2 and 96% Ar mixture) ensured the instability of NiO formation, and that CeO 2 /YSZ/CeO 2 buffer layers have been grown epitaxially on Ni.
An AFM micrograph of a CeO 2 /YSZ/CeO 2 /Ni structure is shown in Fig. 3 . The CeO 2 /YSZ/CeO 2 buffer layers look smooth and continuous; no cracks were observed. The surface roughness is around 3.6 nm, which is in the same range as the surface roughness of Ni substrates. The smoothness of the buffer layers is very important for the later epitaxial growth of YBCO films.
Single SrTiO 3 buffer layers on Ni substrates
Before deposition of the SrTiO 3 buffer layer, the Ni substrate was annealed in 1 Torr forming gas (4% H 2 and 96% Ar mixture) at 850 C for 1 h to reduce the NiO on the surface. The cube-on-cube epitaxial growth of SrTiO 3 was established by performing the initial deposition of SrTiO 3 in 40 mTorr forming gas (4% H 2 and 96% Ar mixture) at 800 C to a thickness of 50 nm. The SrTiO 3 film grown under such conditions was expected to be deficient in oxygen; therefore, an additional 500 nm thick SrTiO 3 film was epitaxially grown in PðO 2 Þ ¼ 10 À4 Torr at 800 C. The relatively thick SrTiO 3 film grown on the initial SrTiO 3 layer maintained the epitaxy of the initial SrTiO 3 layer. Figure 4 shows a #-2# scan for an epitaxial SrTiO 3 film with the initial layer nucleated on the Ni (100) substrate at 800 C in reducing atmosphere. The XRD data demonstrates that this film is essentially 100% (h00) oriented. , and that of SrTiO 3 (111) and Ni (111) scans were 6.8 and 7.2 , respectively. These FWHMS again show that SrTiO 3 buffer layer has been well epitaxially grown on Ni RABiTS. Meanwhile AFM measurements indicated that the SrTiO 3 film was continuous, crack-free and smooth with surface roughness around 2.1 nm [ Fig. 6(a) ]. SEM measurements also confirmed that the SrTiO 3 film was smooth and crackfree [ Fig. 6(b) ].
Unlike the CeO 2 seed layer, which can be expitaxially grown in a relatively wide range of substrate temperature and forming gas pressure on Ni (001) substrate, [1] [2] [3] 6) epitaxial growth of SrTiO 3 seed layer on Ni RABiTS can only be achieved in a narrow window of substrates temperature and forming gas pressure. Whereas epitaxial SrTiO 3 films have been grown on Ni (100) substrates at 800 C in 40 mTorr forming gas, SrTiO 3 films grown at 800 C in 100 mTorr forming gas had mixed orientation. This indicates that the free energy barrier between cube-on-cube epitaxy of SrTiO 3 and other growth modes of SrTiO 3 is quite small, possibly due to the large lattice mismatch between SrTiO 3 and Ni.
It is well known that other factors such as species of ambient gas during deposition can also affect thin film growth pattern. Recently, it was reported that epitaxial growth of YSZ film could be achieved on oxygen terminated Ni substrates at a base pressure of 10 À6 Torr, 7) whereas effort to grow YSZ on oxide-free Ni surface in forming gas only resulted in (111) oriented films.
6) It is not clear how different ambient conditions will affect the growth mode of SrTiO 3 on Ni substrates. Further work in this direction is currently under way.
Conclusion
We report that biaxially textured CeO 2 /YSZ/CeO 2 multilayer structure and SrTiO 3 single buffer layers have been grown by PLD on Ni RABiTS. FWHMs of the ! scan, scan of these buffer layers were about the same value as the Ni substrates, therefore showing good in-plane and out-ofplane alignment. AFM and SEM measurements indicated the buffer layers were continuous and smooth. The CeO 2 /YSZ/ CeO 2 /Ni and SrTiO 3 /Ni architecture prepared by this technique may provide useful templates for the growth of high-T c superconductors coated conductors. 
